Abstract This paper reports a cold atmospheric pressure DC-driven air plasma brush. Three stainless steel needles are symmetrically mounted on a slot shaped PVC slab to act as the electrodes. The brush driven by a direct current (DC) power supply can generate an air plasma glow up to 30 mm wide with no inert gas addition and no air flow supplement. The plasma glow appears uniform no matter what kinds of material are processed. The measured current and the simulated current all show that each pulsed discharge including two peaks always occurs for different gaps between electrodes. Emission spectra measurement result shows that the obtained rotational temperatures are 300 K and the vibrational temperatures are 2250 K. Some reactive species are presented in the plasma glow, which suggest that the proposed plasma brush is beneficial to practical applications.
Introduction
Recently, many researchers focus on atmospheric pressure plasmas because of plasma processing requirements in several applications [1−7] . Most of the applications require room-temperature plasmas to completely avoid the glow-to-arc transitions. Then the atmospheric plasmas are usually sustained in noble gases. Such atmospheric plasma jet devices can generate stable plasma plumes in open air rather than in confined discharge gaps [6−9] . However, due to the presence of electronegative oxygen O 2 in air, an atmosphericpressure non-equilibrium air plasma jet is difficult to sustain [10] . Nevertheless, several different cold air plasma jets have been reported [10−14] , especially the air jets reported by Lu et al. [14] are more appropriate for localized plasma treatments in ambient air. Furthermore, the cross-sections of the plasma jet plumes are typically very small, which makes large-area surface processing particularly difficult. Using the plasma jet arrays might be a promising way to solve this problem. But it is very difficult to achieve uniform plasmas because the individual plasma plumes are in most cases mutually independent and do not merge in open air. Specifically, an advanced case of 15 mm wide homogenous cold air plasma glow was achieved by merging of five plasma jets, though it operated with airflow [15] .
To solve the difficulty in merging the plasma jet arrays, atmospheric cold brush-shaped plasma devices have recently attracted significant attention [15−18] . Lee et al. [16] have reported a slit shaped atmospheric pressure plasma brush, which is capable of generating stable plasma of 20 mm width sustained by a microwave power source of 700 MHz and an argon gas flow rate of 0.9 L/min. Tang et al. [17] have presented a device to generate brush-shaped plasma in ambient air, of which the plasma size is about 15 mm×1 mm×19 mm supported by a 38 W DC discharge power and an argon gas flow rate of 5 L/min. Lu et al. [18] have shown an atmospheric pressure cold plasma brush, which can produce * supported by National Natural Science Foundation of China (No. 11105002), Open-End Fund of State Key Laboratory of Structural Analysis for Industrial Equipment (No. GZ1215), Natural Science Foundation for University in Anhui Province of China (No. KJ2013A106), and Doctoral Scientific Research Funds of AUST a plasma glow of approximately 25 mm×1 mm driven by sub-microsecond pulsed voltage with a helium gas flow rate of 1 L/min. All these plasma brushes can be homogenous, but inert gas addition and gas flow supplement are required. Therefore, to produce an atmospheric pressure cold air plasma brush remains a challenge, especially driven by DC power supply with no inert gas addition and no air flow supplement.
Here, we will present a 30 mm wide brush-shaped atmospheric pressure cold air plasma device. The brush can generate an air plasma glow up to 30 mm wide with no inert gas addition and no air flow supplement. The plasma brush is quite safe with neither electrical shock feeling nor overheating hurt. This paper is organized as follows. In section 2, the experimental setup and the experimental results will be described. The current measurement, the circuit simulation model and the emission spectral measurement will be presented in section 3. Finally, section 4 gives a brief summary.
Experimental setup and discharge characteristics
In this paper, a specifically designed non-equilibrium cold brush-shaped plasma glow is generated, which has a width up to 30 mm and can be scaled up by using a plasma brush array. A homemade DC power supply is used to drive the plasma brush device. The output voltage of the power supply can be adjusted from 6 kV to 25 kV. Through two resistors R of 10 MΩ, three stainless steel needle electrodes are connected with two output terminals of the power supply. The tip of these needles has a radius of about 80 µm. Fig. 1(a) , (b), (c) and (d) show the schematic of the device, the schematic of the right side of the brush, the side view and the photograph of the brush, respectively. Three needles are symmetrically mounted on a slot shaped PVC slab to act as the electrodes, as shown in Fig. 1(a) . The gap distance between two needle tips (connected with negative pole of DC power source) is about 30 mm, as shown in Fig. 1(b) and (d). The voltage between the positive and the negative poles is measured by using A P6015 Tektronix HV probe, and the discharge current is recorded by an A6302 Tektronix current probe. The emission spectrum from the plasma is obtained by a Monochromator or an AvaSpec-USB2 miniature spectrometer and a CCD detector. Fig. 2 shows a group of images taken by a Sony digital camera with an exposure time of 100 ms. As can be seen from Fig. 2 , as the driven voltage increases from 10 kV to 16 kV, the mode of discharges varies from negative corona, positive corona, to glow discharge [14, 15] . Firstly, negative corona exist around two cathode needle tips for the applied voltage of 10 kV, as shown in Fig. 2(a) . Secondly, for the input voltage of 12 kV and 14 kV, a positive corona presents in front of the anode needle tip besides the negative corona around the cathodes, as shown in Fig. 2 (b) and (c), respectively.
Thirdly, for the applied voltage of 15 kV, the positive corona dominates the discharge domain while stretches its growing direction to the negative corona discharges along the dielectric surface, as shown in Fig. 2(d) . Finally, when 16 kV DC voltage is applied to the plasma brush device, a wide plasma brush with widths of up to 30 mm wide is generated in the surrounding room air, as shown in Fig. 2(e) . This homogeneous plasma glow is located at the gap between the two negative needle electrodes. It should be mentioned that the plasma glow is transitioned from the positive corona discharge, and presents as a homogeneous glow rather than filamentous discharge, which is different from normal positive corona discharge. The plasma size is about 30 mm×2 mm×5 mm (width, height, length), as shown in Fig. 2(f) . As for the cold air plasma plumes driven by DC power supply without airflow supplement ever reported, the proposed plasma brush device is the widest one generated in atmospheric air. The performance of the plasma glow can be adjusted by varying the applied voltage and adding a small amount of inert gas. Besides air, gases including argon, helium, nitrogen, or even oxygen could be used, which suggests that the proposed plasma brush could be modulated with many reactive species presented in the plasma glows for specific applications. In view of practical applications, there must be no risk of glow-to-arc transitions, and it is much beneficial that the plasma glow appears uniform no matter what kinds of material are processed. Fig. 3(a) , (b), (c), and (d) show the photograph of the plasma plume touched by a human hand, a piece of glass, the metal parts of a screwdriver, and a metal blade, respectively. No matter what kinds of material are touched, the plasma plumes remain homogenous and seem slightly more uniform, as shown in Fig. 3 . It should be noticed that the plasma plumes are always homogenous if the touching metal part is grounded (not connected with two cathodes, since our device needs no grounding). Next, to increase the plasma dimensions, a promising way might be using plasma brush arrays. Fig. 3(e) and (f) show the photographs of three plasma brushes taken from side view and right side view, respectively. A 30 mm×10 mm×5 mm cold homogenous air plasma glow merged by three plasma brushes is generated without merging difficulty as above mentioned. As for the size of the cold air plasma glow mentioned above, the proposed brush array is not the biggest one. Wang et al. [19] have reported a stable air barrier discharge plasma formed over a 100 mm×100 mm quartz surface, driven by a sinusoidal AC high voltage. For our plasma brush array, the size can easily be extended by using more brushes, and the mass of the whole device is lighter than 1 kg, which suggests that the proposed plasma brush is a portable one, convenient in utilization. Here, we just mention that our brush device can easily be enlarged. Considering the complicated coupling between the brushes, we will report this kind of cold air brush arrays in detail in near future. In order to study the characteristic of the plasma brush, current measurement is carried out. The discharge current waveforms with an applied voltages of 16 kV is shown in Fig. 4 . The pulsed appearance of the discharge currents can be clearly seen in Fig. 4(a) , where the pulse repetition frequency is approximately 16 kHz with the peak values of about 10 mA for an applied voltage of 16 kV. As for the reason why the discharge current is pulsed in spite of the applied DC voltage, we will focus on an important role of the stray capacitor during the discharge. After each pulsed discharge, the stray capacitor is recharged to arrive at a voltage value above the breakdown voltage. Then, the followed discharge takes place at a gap between a pair of electrodes (one anode and one cathode). From the voltage drops on the anode and the total charge for each current pulse, the value of the stray capacitance can be estimated [14] . When the applied voltage is 16 kV, the total charge Q for a single current pulse is about 1.0×10 −9 C (=10 mA × 0.1 µs). The voltage drop ∆V on the needle is about 250 V obtained from the anode, as shown in Fig. 4(a) . Therefore, from C = Q/∆V, the stray capacitor can be estimated to be about 4 pF. The total charge charged in the stray capacitor is small because of the small value of the stray capacitor. And the pulsed discharge current of about 10 mA is much larger than the recharged current (16 kV/20 MΩ=0.8 mA). Because the total charge is small and the pulsed discharge current is large, the pulsed time width of each pulsed current peaks lasts only for a very short time. Furthermore, the pulsed time width of the current is only 80 ns or so, as shown in Fig. 4(b) , despite of the quite high peak value of each pulsed discharge current. Therefore, the average power of the discharge is low and the temperature of the plasma plumes remains that of ambient air. Moreover, to assure electric safety, three electrodes are all connected with a series of resistors of 10 MΩ (two resistors as shown in Fig. 1(a) ), and the high voltage conductor connected with anode needle is insulated by line's dielectric or PVC plate. Then there is no danger for human body to touch with the inner anode. Therefore, the plasma plumes of the proposed device can be touched safely by hand with neither electrical shock feeling nor overheating harm. For detail waveform distribution of a single current pulse, each pulse contains two current peaks and the peak value of the second peak is lower than that of the first one, which is one of the distinguishing features of the present discharge, as shown in Fig. 4(b) . This behavior originates from the arrangement of two negative needle electrodes with one positive needle electrode placed at the central position of the brush. Each discharge pulse starts between a pair of electrodes firstly while the voltage declines on the anode conductor due to the decreasing charge across the stray capacitor, but the voltage on the anode remains larger than the breakdown voltage, and the following second discharge peak takes place in another gap between two needles. As for the reason why the discharge always occurs twice at different gaps, it is very interesting and need further study by using a circuit model as follows.
Circuit model and simulation result
Next, in order to further investigate why there are two current peaks in each pulsed discharge which occurs twice at different gaps and how the plasma plumes are influenced by two connected resistors, the current characteristics of the pulsed discharge is simulated by a electrical circuit model, as shown in Fig. 5 . Two stray inductances L 1 and L 2 are set according to the length of the connected powered lines. The discharge current peak value is determined by R pg while the width of the current pulse is decided by C p and R p . Here two series-connected resistors R of 10 MΩ, the stray capacitance C of 4.0 pF, the stray inductances L 1 of 1.0 nH and L 2 of 0.6 nH, are valued, respectively. Since only one stainless steel needle acts as the anode but two needles served as cathodes, two branch circuits are set to represent two discharge gaps. One branch circuit is equivalent to R 1pg of 1.0 MΩ in parallel connection with C 1p of 1.1 pF and R 1p of 40.5 kΩ. Another branch circuit is equivalent to R 2pg of 1.25 MΩ in parallel connected with C 2p of 1.0 pF and R 2p of 43.5 kΩ. The values of the above components are obtained from a best fit of the experimental current waveforms with the simulated current waveforms. In other words, all component values are tried many times for obtaining the current waveforms in accord with the measured ones. In simulations using the model, the applied voltage is the same as in the discharge experiment with a voltage of 16.0 kV. Two switches are turned on/turned off with a given pulsed time so that the simulated current waveform is consistent in time with the measured current waveform. The simulation result is shown in Fig. 6 . In comparison, the measured current waveform shown in Fig. 4 and the simulated current waveform shown in Fig. 6 agree very well. However, some disagreements also exist when they are further compared for details. As shown in Fig. 6 , the simulated current is smoother than that of the experiment, but the measured current has many smaller current burrs besides the higher pulsed discharge peaks. The disagreements may be due to the set values of R pg , which are treated as a constant but the actual equivalent R pg should be time varied. When the discharge starts, the values of R pg should increase in time. Therefore, in order to obtain a perfect fit between the measured current waveform and the simulated one, a more sophisticated simulation is needed, like simulating the ionizing process of argon gas discharge by fluid model [20] . It should also be of concern why the discharge always occurs twice at different gaps. The discharge always presents as the traveling of plasma bullets [21] and the plasma bullets all walk along the dielectric surfaces (the internal surface of PVC shown in Fig. 1(c) ), which may be caused by diffusive loss of electrons to the dielectric walls of the column where surface charges accumulate. The plasma bullet always starts at the powered anode. Afterward, it propagates from the point of the powered needle to the nozzle and brings about two plasma bullets due to the driven electrical force. Finally, the pioneers of two plasma bullets arrive at the domain too close to two cathodes and then a discharge pulse completes. Each discharge pulse starts between a pair of gaps while the voltage of the anode needle is far less than the breakdown voltage due to the decrease of the total charge, the followed discharge wouldn't happen until the stray capacitor is recharged to reach the breakdown voltage. Since two cathode needles are not exactly symmetrical to the anode needle (as shown in Fig. 1(d) ), one plasma bullet will get to one cathode faster than to the other. Therefore, a discharge pulse with two peaks may well be generated, which can be easily checked by our simple simulation model with different values of R p , C p , and R pg , as shown in Fig. 5. 
Spectral measurement and chemical analysis
From comparing the simulated spectra of the C 3 u −B 3 g (∆ν = −2) band transition of nitrogen with the experimental recorded spectra [22, 23] , the rotational and vibrational temperatures of the plasma glow can be deduced. The simulated spectrum and the experimental one are shown in Fig. 7 . When the simulated spectrum with T rot =300 K and T vib =2250 K is taken as the input parameters, the result provides a good fit to the experimental spectrum, as shown in Fig. 7 . The rotational temperature of 300 K suggests that the gas temperature of plasma glow is practically the same as the value of room temperature. The rotational temperature of 300 K is much less than the vibrational temperature of 2250 K, which indicates that the plasma plume is under non-equilibrium condition and is favorable for plasma processing. In view of applications, the various reactive species produced by the plasma brush device should be identified by using optical emission spectroscopy [22−24] . When the emission spectra are recorded, the applied voltage of 16 kV and the operational parameter of the spectrometer are kept unchanged. Fig. 8(a) shows the emission spectra from 250 nm to 800 nm. Excited O, N 2 and N 2 + presented in the plasma plumes are shown in Fig. 8(a) . To further study the uniformity of the air plasma, the spatial distribution of the intensity of the optical emission from N 2 species at 337 nm is investigated. A CCD detector of the AvaSpec-USB2 miniature spectrometer is immediately touched with the plasma plume. Each optical emission spectrum is recorded with a spatial interval of 2.0 mm, along the interface (as the light line shown in Fig. 2(f) ) between the PVC surface and the plasma. Fig. 8(b) shows the distribution along the x direction. The degree of homogeneity is about 85% (as 1-1500/10000), as can be calculated from Fig. 8(b) . This measurement suggests that the uniformity of the emission intensity is quite well. The uniform cold air plasma plumes are beneficial to practical applications in plasma medicine, nanotechnology, as well as surface and materials processing, which always need cold plasma glow plumes.
Conclusions
In summary, the cold DC-driven atmospheric air plasma brush device is reported in this paper. The brush device with three stainless steel needles mounted symmetrically on the slot shaped PVC slab to act as the electrodes is constructed in a simple manner. The brush can generate an air plasma glow up to 30 mm wide with no inert gas addition and no air flow supplement. The plasma glow also appears uniform no matter what kinds of material are processed. The measured current and the simulated current all suggests that there is neither electrical shock feeling nor overheating hurt. It is also interesting to notice that each pulsed discharge including two peaks always occurs at different gaps between the electrodes. Emission spectra measurement results show that the generated air plasma is uniform and there are some active particles presented in the plasma glow plume.
